Introduction {#Sec1}
============

Despite efforts and advances in prevention and treatment, cancer is still a major cause of death in most countries. Cancer is a worldwide health threat with major physical, social, and economic burdens. Because cancer is believed to be preventable, attention has centered on dietary phytochemicals and natural compounds as effective interventions in cancer development. However, the failure of many large-scale clinical trials has questioned whether diet-based cancer prevention or therapy can succeed. Two major weaknesses plagued many of these trials: (1) a lack of mechanism-based preclinical studies to support the trial; and (2) a lack of knowledge regarding the specific molecular or cellular targets of the selected dietary agents or functional foods. One of the greatest challenges for researchers is to reduce the accumulation of distortion and half-truths reported in the popular media regarding the health benefits of certain foods or food supplements. The use of these substances is not new, but interest has increased dramatically because of perceived health benefits presumably acquired without unpleasant side effects. However, the effects of long-term consumption of food supplements and specific dietary factors have not been extensively studied.

Many anticancer drugs exert adverse side effects, which can be severe or deadly. Thus, identification of novel anticancer compounds from natural products was proposed as a safer alternative and a promising strategy for cancer prevention or treatment. Many traditional herbal medicines and certain food constituents exhibit anti-inflammatory and antioxidant effects, suggesting their potential as chemopreventive or therapeutic agents. Licorice (*Glycyrrhiza*) is a perennial plant that is cultivated in several countries, including China, Russia, Spain, Persia, and India. Licorice extract from the root is very sweet and is a common source of licorice used in traditional and herbal medicines \[[@CR1]\]. Licorice is one of the oldest referenced botanicals with a written record referring to the use of licorice dated 2100 BC \[[@CR2]\]. Notably, about 90 % of the licorice produced is used as a flavoring agent for tobacco products, such as American blend cigarettes, moist snuff, chewing tobacco, and pipe tobacco \[[@CR3]\]. Licorice flavoring is added to candies, chewing gum, soft drinks (e.g., root beer) and other beverages (e.g., herbal teas), toothpaste, and herbal remedies for cough and stomach problems and the overconsumption of these products is associated with increased risk of licorice intoxication \[[@CR4]\]. Licorice is consumed worldwide and estimates suggest an annual consumption of about 1.5 kg/person \[[@CR5]\], with some individuals consuming as much as 100 g of licorice per week \[[@CR6]\]. Glycyrrhetic acid from licorice is associated with hypertension \[[@CR7]\]. Consuming as little as 50 g or 2 oz of licorice, which contain about 75 mg glycyrrhetic acid, daily over a 2-week-period reportedly caused a significant increase in blood pressure \[[@CR8]\].

In contrast, evidence intimates that licorice root possesses antioxidant, anti-inflammatory, antiviral, antitumor, and other protective bioactivities \[[@CR9]--[@CR11]\]. Licorice or its extract have been used for prevention of hepatitis and allergic reactions \[[@CR1]\], treatment of esophageal inflammation and gastric ulcer \[[@CR9], [@CR12]\] and as a depigmentation agent in cosmetic and pharmaceutical products \[[@CR13]\].

Licorice root contains a variety of oils, alkaloids, polysaccharides, polyamines, triterpenes, phenolic acids, flavones, flavans, chalcones, flavonoids, and isoflavonoids \[[@CR14]--[@CR16]\]. The major component of licorice is glycyrrhizin or glycyrrhizic acid \[[@CR10], [@CR17]\] that is hydrolyzed in the intestine to the active glycyrrhetic acid (GA) by β-glucuronidase \[[@CR18]\]. GA in licorice extracts has been associated with mineralocorticoid excess \[[@CR19]\] and is a potent inhibitor of 11-β-hydroxysteroid dehydrogenase, which can result in increased cortisol activity \[[@CR20]\].

The anti-inflammatory and antioxidant effects of licorice components and extracts and their potential role in numerous diseases, including cancer, have been studied extensively. However, most of the studies are observational in nature and a direct molecular target has not been unequivocally identified to explain the potential beneficial effects of licorice. In this review, we will focus not only on what is known about glycyrrhizic acid and glycyrrhetic acid (Fig. [1a, b](#Fig1){ref-type="fig"}) in cancer prevention, but also on certain specific components of licorice, which may be less toxic and for which a potential molecular anticancer target has been identified. The specific components to be reviewed include the chalcone-type derivative iso-liquiritigenin (ILQ, Fig. [1c](#Fig1){ref-type="fig"}), the flavonoid isoangustone A (IAA, Fig. [1d](#Fig1){ref-type="fig"}), and the licochalcones, especially licochalcone A (LicA; Fig. [1e](#Fig1){ref-type="fig"}) and E (LicE; Fig. [1f](#Fig1){ref-type="fig"}).Fig. 1Chemical structures of **a** glycyrrhizic acid; **b** glycyrrhetic acid; **c** iso-liquiritigenin; **d** isoangustone A; **e** licochalcone A; **f** licochalcone E

Glycyrrhizin and Glycyrrhetic Acid {#Sec2}
----------------------------------

A number of studies have focused on the bioactivity of glycyrrhizin (Gc) and glycyrrhetic acid (GA). Gc has been used against chronic viral hepatitis \[[@CR21]\] and is reportedly active against a number of other viruses, including latent Kaposi sarcoma-associated herpes virus \[[@CR22]\], severe acute respiratory distress syndrome (SARS) \[[@CR23], [@CR24]\], and Epstein--Barr Virus (EBV) (Lin, 2008 \#307). It was reported to exert protection against carbon tetrachloride-induced liver injury in mice \[[@CR25]\], liver damage associated with aflatoxin-induced oxidative stress \[[@CR26]\] and other types of liver damage induced by oxidative stress \[[@CR27]\]. These licorice compounds also can induce interferon production \[[@CR26], [@CR28]\] and protect against neurotoxicity by modulating the binding of nuclear factor-kappaB to its molecular targets \[[@CR29]\].

Gc or GA has been reported to inhibit 7,12-dimethylbenz (*a*) anthracene (DMBA)-initiated skin tumor formation in mice \[[@CR30]\]. Researchers have also shown that Gc or GA reduced melanoma cell proliferation \[[@CR31]\] and metastasis \[[@CR32]\]. Other cancers that have been reported to be sensitive to the antiproliferative effects of GA or Gc include UVB-induced skin carcinogenesis \[[@CR33]•\], prostate cancer \[[@CR34]\], stomach cancer and leukemia \[[@CR35], [@CR36]\], gastric cancer \[[@CR37]\], endometrial carcinogenesis \[[@CR38]\], pituitary adenomas \[[@CR39]\], and breast cancer \[[@CR40]\]. GA was reported to suppress A549 and NCI-H460 non-small cell lung cancer (NSCLC) growth and inhibit thromboxane synthase activity \[[@CR41]\]. It did not affect human 16HBE-T bronchial epithelial cell growth or the growth of NCI-H23 lung cancer cells, which express low levels of thromboxane synthase activity \[[@CR41]\]. GA also induced apoptosis and G1 arrest in NCI-H460 NSCLC cells as was evidenced by increased expression of cleaved poly (ADP-ribosyl) polymerase (PARP) and caspase 3, and attenuated expression of Bcl-XL, Bcl-2, cyclin D1, and cyclin E \[[@CR42]\]. In addition, GA treatment corresponded with decreased phosphorylation of protein kinase C (PKCα, β) and extracellular activated protein kinases (ERKs) as well as increased phosphorylation of PKCδ and c-Jun NH2-terminal kinases (JNKs), which affect cell death \[[@CR42]\].

Mechanistically, the molecular or cellular targets of licorice, Gc or GA, have only been hinted at and not specifically identified. The effects of GA were examined in an UVB-irradiation-induced skin tumor study and results indicated that feeding mice GA before UVB irradiation (180 mJ/cm^2^ twice per week) resulted in delayed tumor appearance and decreased multiplicity and size \[[@CR29]\]. Mice fed GA for 2 weeks before a single UVB exposure (180 mJ/cm^2^) exhibited decreased UVB-induced thymine dimer-positive cells, reduced expression of proliferative cell nuclear antigen (PCNA), and exhibited fewer TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling)-positive cells. Animals displayed increased p53- and p21/Cip1-positive cells in the epidermis. These investigators also observed inhibition of NF-κB and cyclooxygenase-2 (COX-2) activities and decreased prostaglandin E~2~ (PGE~2~) and nitric oxide (NO) levels, which appears to be a common observation. The evidence suggested that the anticancer effects of GA were mediated through the blockade of NF-κB activation by interfering with the phosphorylation or degradation of IκB \[[@CR29]\]. A more recent study indicated that GA supplementation suppressed the development of 1,2-dimethyhydrazine (DMH)-induced precancerous lesions in Wistar rat colon. It also reduced the infiltration of mast cells, attenuated the expression of Ki-67, NF-κB/p65, COX-2, inducible nitric oxide synthase (iNOS) and vascular endothelial growth factor (VEGF), while enhancing the expression of p53, connexin-43, caspase-9, and cleaved caspase-3, which suggested the induction of apoptosis \[[@CR43]\], also agreeing with other studies \[[@CR29], [@CR42]\]. GA reportedly induced G0/G1 phase arrest, apoptosis, and DNA damage in WEHI-3 leukemia cells by increasing reactive oxygen species (ROS) levels and caspase-3 activity in these cells \[[@CR44]\]. Researchers concluded that GA induced apoptosis through the death receptor, mitochondria-mediated, and endoplasmic reticulum (ER) stress signaling pathways \[[@CR44]\].

Even though GA or Gc appears to have good anticancer effects, as indicated earlier, long-term consumption of licorice, Gc or GA, appears to cause mineralocorticoid excess, hypertension, and hypokalemia \[[@CR4], [@CR10], [@CR45]--[@CR48]\]. GA overdosing can also lead to fatigue, muscle weakness, cardiac arrhythmias, fluid retention, rhabdomyolosis (i.e., breakdown of muscle fibers leading to release of myoglobin into the blood, which can cause kidney damage), and myoglobinuria (i.e., myoglobin in the urine) \[[@CR1], [@CR4], [@CR48], [@CR49]\]. Based on these adverse effects, identifying other less toxic cancer preventive components of licorice is extremely important.

Iso-Liquiritigenin {#Sec3}
------------------

Iso-liquiritigenin \[(*E*)-1-(2,4-dihydroxyphenyl)-3-(4-hydroxyphenyl) prop-2-en-1-one; ILQ; Fig. [1c](#Fig1){ref-type="fig"}\] is a chalconoid compound found in licorice that has been identified as having anticancer activity. For example, dietary administration of ILQ delayed DMBA-induced mammary tumor growth in female Sprague---Dawley rats \[[@CR50]\]. When administered in the diet to ovariectomized athymic mice transplanted with MCF-7 cells ransfected with aromatase (CYP19), ILQ inhibited growth of these breast cancer cells in vivo with no apparent toxicity, suggesting that ILQ could act as an aromatase inhibitor \[[@CR51]\]. However, ILQ appears to act through several nonspecific mechanisms with modulation of matrix metallopeptidases (MMP), COX-2, and induction of apoptosis being the most widely reported.

Proteases of the MMP family are involved in extracellular matrix (ECM) breakdown in embryonic development, angiogenesis, and wound healing, but also can play a role in metastasis \[[@CR52]\]. Dysfunction of hypoxia-inducible factor-1 (HIF-1) \[[@CR53]\], VEGF \[[@CR54]\], and MMP-9 and -2 proteins \[[@CR55]\] is common in many cancers. ILQ was reported to inhibit expression of HIF-1, VEGF, and MMP-9 and -2 and reduce breast cancer cell migration \[[@CR56]\]. These effects appeared to be at least partially associated with modulation of NF-κB, p38, and phosphatidylinositol 3-kinase (PI3-K)/protein kinase B (Akt) signaling \[[@CR56]\]. ILQ was also able to attenuate phorbol myristate acetate (PMA)-induced expression of membrane type 1-MMP and MMP-2 in human umbilical vein endothelial cells (HUVECs) \[[@CR57]\]. ILQ also inhibited PMA-induced migration and diminished PMA-stimulated JNKs and p38 signaling \[[@CR57]\].

Others have reported that the effects of ILQ correlate with COX-2 expression. For example, ILQ inhibited PMA-induced COX-2 expression in non-tumorigenic MCF-10A mammary epithelial cells and the effect was associated with reduced ERKs activity \[[@CR58]\]. ILQ decreased PGE~2~ and NO production in RAW264.7 mouse macrophage cells and the decrease corresponded with reduced expression of COX-2 and iNOS \[[@CR59]\]. Oral administration of ILQ (3, 15, or 75 mg/kg) for 12 weeks significantly reduced colon cancer multiplicity, incidence, and tumor size in a mouse model of colitis-associated tumorigenesis induced by azoxymethane (AOM)/dextran sodium sulfate (DSS) \[[@CR60]•\]. Note that a combination of a single dose of AOM with subsequent exposure to the inflammatory agent DSS in rodents is an animal model that can dramatically shorten the latency time for induction of colorectal cancer and effectively reiterates the aberrant crypt foci--adenoma--carcinoma sequence that occurs in human CRC. In this study the decreased tumorigenesis corresponded with inhibition of M2 macrophage polarization, which has been implicated in colon cancer development. This effect was accompanied by downregulation of PGE~2~ and IL-6 signaling \[[@CR60]•\], suggesting an involvement of the COX enzymes.

The majority of reports regarding the anticancer activity of ILQ suggest that this compound mainly induces apoptosis. Treatment of A549 NCLSC cancer cells with a combination of licorice polyphenols, including liquiritin, isoliquiritin, or isoliquirigenin, induced apoptosis that was mediated by upregulation of p53 and p21 \[[@CR61]\]. Another report indicated that ILQ clearly attenuated mouse and human colon carcinoma cell growth and induced apoptosis in these cells \[[@CR59]\]. Notably, oral administration of ILQ attenuated the induction of pre-neoplastic aberrant crypt foci in the colon of male F344 rats \[[@CR59]\]. This licorice compound abrogated G2/M cell cycle progression and effectively induced apoptosis in HeLa human uterine cervical cancer cells \[[@CR62]\]. Investigators observed activation of ataxia telangiectasia-mutated (ATM), increased phosphorylation of p53 (Ser15) and changes in several cell cycle proteins, including cyclin B, cyclin A, cell division cycle protein (Cdc)2, cdc25C, and checkpoint kinase (Chk)2. Apoptosis corresponded with changes in pro-apoptotic Bax and Bak and decreased levels of antiapoptotic Bcl-2 and Bcl-~XL~ in HeLa cells \[[@CR62]\]. Interestingly, ILQ could inhibit in vivo lung metastasis of MDA-MB-231 breast cancer cells by preventing resistance to anoikis \[[@CR63]•\], which is a type of apoptosis induced by anchorage-dependent cells detaching from the extracellular matrix around them \[[@CR64]\]. Resistance to anoikis can occur at several stages of metastasis \[[@CR65]\]. The inhibitory effect of ILQ on migration and invasion was mediated through a downregulation of COX-2 and cytochrome P450 4A signaling \[[@CR63]•\]. Other observations associated with reversal of resistance to anoikis included decreased phosphorylation levels of the oncoproteins, PI3-K (Tyr458), PDK (Ser241), and Akt (Thr308) \[[@CR63]•\].

All of these studies suggest a potent anticancer effect of ISL, but a direct molecular target was not identified. Our group investigated the effects and mechanism of ILQ on the growth of tyrosine kinase inhibitor (TKI)-sensitive and TKI-resistant NSCLC cells. Treatment with ILQ inhibited growth and induced apoptosis in both cell types. ILQ caused apoptosis that correlated with the cleavage of caspase-3 and PARP, increased expression of Bim and reduced expression of Bcl-2. ILQ inhibited the catalytic activity of both wildtype and double-mutant (L858R/T790M) epidermal growth factor receptor (EGFR). Treatment with ILQ inhibited anchorage-independent growth of NIH3T3 cells stably transfected with either wildtype or double-mutant EGFR. ILQ also reduced the phosphorylation of Akt and ERKs in both TKI-sensitive and -resistant NSCLC cells, and suppressed the kinase activity of Akt1 and ERK2 in vitro. Importantly, ILQ directly interacted with both wildtype and double-mutant EGFR in an ATP-competitive manner. A docking model study showed that ILQ formed 2 hydrogen bonds (Glu762, Met793) with wildtype EGFR and 3 hydrogen bonds (Lys745, Met793, Asp855) with mutant EGFR. Notably, ILQ attenuated the xenograft tumor growth of H1975 lung cancer cells, which was associated with decreased expression of Ki-67 and diminished phosphorylation of Akt and ERKs. This is the first report of a direct target of ILQ, which suppressed NSCLC cell growth by directly interacting with wildtype or mutant EGFR (in press JBC).

Isoangustone A {#Sec4}
--------------

Isoangustone A (IAA) is a novel flavonoid compound found in licorice root that has been reported to exert anticancer activity mainly by affecting cell cycle and apoptosis. Unrestrained growth and unregulated cell cycle are crucial characteristics of cancer cells and important for cancer progression \[[@CR66]\]. The cell cycle is rigidly controlled by cyclin/cyclin-dependent kinase (Cdk) complexes \[[@CR67]\]. Cyclins D and E bind to Cdk4/6 and Cdk2, respectively, and sequentially phosphorylate the retinoblastoma protein (Rb), which facilitates the transition from G1 to S phase \[[@CR68]\].

IAA was reported to stimulate caspase-dependent pro-apoptotic signaling in SW 480 human colorectal adenocarcinoma cells \[[@CR69]\]. Apoptosis appeared to be driven by a disruption of the mitochondrial outer membrane resulting in apoptosis \[[@CR69]\]. IAA also could induce apoptosis in hormone-insensitive DU145 prostate cancer cells, which coincided with increased cleavage of PARP and caspases \[[@CR70]\]. This same group reported that IAA decreased DNA synthesis and induced G1 phase arrest not only in DU145 cancer cells but 4T1 mouse mammary cancer cells \[[@CR71]\]. The cell cycle arrest corresponded with decreased Cdk2 activity and reduced levels of Cdk2, Cdk4, cyclin A and cyclin D1 proteins \[[@CR70]\]. We reported that IAA, but not Gc (up to 20 μM) inhibits the growth of the highly metastatic human PC3 prostate cancer cells and importantly, IAA (1 or 5 mg/kg) effectively suppressed the growth of PC3 xenograft tumors in BALB/c nu/nu mice \[[@CR72]••\]. The inhibitory effect corresponded with an induction of G1 phase arrest and the accumulation of the *p27kip1* tumor suppressor gene \[[@CR72]••\]. However, IAA had no effect on other cell cycle proteins, including p21cip1, cyclin D1, Cdk2, or Cdk4 in PC3 cells. IAA treatment also coincided with reduced phosphorylation of p27kip1 (Thr187), a post-translational modification that marks it for degradation \[[@CR73]\], suggesting that IAA could upregulate p27kip1 in PC prostate cancer cells by blocking its phosphorylation \[[@CR72]••\]. Pull-down assays indicated that IAA directly binds active mTOR and to the Cdk2 complex (Lee, 2013 \#8), which are associated directly or indirectly with regulation of p27kip expression \[[@CR74]\]. Loss of p27kip1 expression in human prostate cancer correlates closely with tumor grade and is a prognostic marker for prostate cancer \[[@CR75], [@CR76]\].

Our group compared the anticancer activity of IAA and Gc against melanoma cells and found that IAA was more effective than Gc in attenuating growth of SK-MEL-2, 5, 28, and WM-266-4 human melanoma cells \[[@CR77]\]. Notably, IAA (20 μM), but not Gc (up to 20 μM) could suppress the anchorage-independent growth of SK-MEL-28 melanoma cells. IAA treatment caused cell cycle arrest at G1 phase, but treatment with Gc had no effect on cell cycle \[[@CR77]\]. Because treatment with IAA did not affect the number of cells in sub-G1, IAA-induced growth inhibition was not attributable to apoptosis.

Overexpression of the *cyclin D1* gene and protein plays an important role in fueling carcinogenesis \[[@CR78]\]. Melanoma often exhibits overexpression of the *cyclin D1* and *cdk4* genes, which regulate cell cycle progression \[[@CR79]\]. The PI3-K/Akt signaling pathway is also important for cell survival and growth \[[@CR80]\] and its overexpression or excessive activation has been observed in numerous tumor cell types \[[@CR81]\]. Glycogen synthase kinase (GSK)-3β is a downstream target of PI3-K, which mediates cyclin D1 degradation in response to growth signals \[[@CR82]\]. PI3-K-dependent phosphorylation of GSK-3β at Ser9 inhibits activation of GSK-3β, which stabilizes cyclin D1 \[[@CR82]\]. We reported that IAA, not Gc, decreased the abundance of G1 phase-related proteins, including cyclin D1 and cyclin E in SK-MEL-28 cells \[[@CR77]••\]. Phosphorylation of Rb is crucial for S phase transition and is the most recognized substrate of cyclin D-dependent kinases and IAA markedly attenuated Rb phosphorylation at Ser807/Ser811, the known sites of Rb phosphorylated by Cdk4 \[[@CR77]••\]. Further, IAA inhibited the phosphorylation of Akt (Ser473, Thr308) and GSK3β (Ser9), which play a role in the regulation of the degradation of cyclin D1 \[[@CR82]\]. Notably, we also found that IAA suppresses PI3-K, MKK4, and MKK7 kinase activities by directly binding in an ATP-competitive manner. Detailed molecular binding results confirmed that IAA binds to the ATP binding pocket of each protein forming numerous important interactions with various amino acids \[[@CR77]••\]. Most importantly, we found that IAA suppresses growth of SK-MEL-28 cells by binding directly to PI3-K, MKK4, and MKK7 in SK-MEL-28 xenograft tumors \[[@CR77]••\]. Collectively, these results indicate that IAA is a multi-kinase inhibitor that directly suppresses cell cycle progression.

Licochalcones {#Sec5}
-------------

### Licochalcone A {#Sec6}

Licochalcone A (LicA) is a major phenolic constituent of licorice reportedly exhibiting antiproliferative and anti-inflammatory properties in human and mouse cells \[[@CR83]\]. It was reported to exert inhibitory effects against cancer and most reports suggest that, similar to the other licorice components, it induces apoptosis and cell cycle arrest. However, it also appears to exert some effects through its antioxidant activities.

### Apoptosis and Cell Cycle Effects {#Sec7}

LicA was reported to induce apoptosis of various cancer cell types. For example, LicA induced apoptosis in MCF-7 breast cancer and HL-60 human promyelocytic leukemia cell lines. Apoptosis was observed as cleavage of PARP, decreases in the antiapoptotic protein Bcl-2, and changes in the Bcl-2/Bax ratio in favor of apoptosis \[[@CR84]\]. Combining LicA with geldanamycin, an antibiotic inhibitor of heat shock protein 90, induced greater apoptosis of human epithelial ovarian carcinoma cell lines OVCAR-3 and SK-OV-3 than either compound alone \[[@CR85]\]. Apoptosis corresponded with increases in ROS and caspase 8 and activation of pro-apoptotic Bid (BH3 interacting-domain death agonist) and subsequent depletion of reduced glutathione (GSH) (\[[@CR85]\] \#10). Similarly, treatment of OVCAR-3 and SK-OV-3 ovarian cancer cells with a combination of Lic A and dydroxymethyl-2′-furyl)-1-benzyl indazole (YC-1; a compound that sensitizes cancer cells to anticancer drugs) induced changes that indicated heightened apoptosis, including decreased Bcl-2 and survivin protein levels, increased Bax and p53 levels and enhanced cytochrome c release, and activation of caspases and PARP-1 \[[@CR86]\]. LicA also suppressed the growth of CT-26 colon cancer implants in BALB/c mice and enhanced apoptosis \[[@CR87]\]. It induced apoptosis of DU145 prostate cancer cells \[[@CR88]\] and also caused caspase-dependent and autophagy-related cell death in human LNCaP prostate cancer cells \[[@CR89]\]. Autophagy involves the catabolism of unnecessary or dysfunctional cellular components through the actions of lysosome. Treatment of cells with LicA resulted in formation of autophagic vacuoles and acidic vesicular organelles, and autophagosome membrane association of microtubule-associated protein 1 light chain 3, which are known characteristics of autophagy \[[@CR89]\]. Autophagy induction was accompanied by downregulation of Bcl-2 and inhibition of the mTOR pathway \[[@CR89]\]. LicA decreased the viability of KB human oral cancer cells but had no effect on primary normal human oral keratinocytes \[[@CR90]\]. LicA appeared to act by inducing apoptosis that was mediated by the expression of factor associated suicide ligand (FasL) and activated caspases 8 and 3 and PARP \[[@CR90]\].

LicA was also shown to cause cell cycle arrest resulting in apoptosis. It inhibited MKN-28, AGS, and MKN-45 gastric cancer cell growth in a dose-dependent manner (IC~50~ ∼ 40 μM) \[[@CR83]\] by causing cell cycle arrest at the G2/M transition and inducing apoptosis, concomitant with increased expression of Rb and decreased expression of cyclin A, cyclin B, and MDM2 and increased expression of PARP and caspase-3 \[[@CR83]\]. In another report, LicA also inhibited cell cycle progression by arresting cells in G2/M. This effect was accompanied by suppression of cyclin B1 and Cdc2 activities, decreased phosphorylation of Rb (Ser780) and attenuated expression of transcription factor E2F, which binds to Rb \[[@CR91]\]. These changes occurred concurrently with reduction of cyclin D1, downregulation of CDKs 4 and 6, but increased cyclin E expression \[[@CR91]\]. Others reported that LicA (5 μM) inhibited platelet-derived growth factor (PDGF)-induced rat vascular smooth muscle cell (rVSMC) proliferation, which was associated with decreases in PDGF-induced expression of cyclin A, cyclin D1, CDK2, and CDK4, and the phosphorylation of Rb \[[@CR92]\]. Licochalcone A also reversed the decrease in p27kip1 expression and attenuated the PDGF-induced activation of ERKs \[[@CR92]\].

LicA reportedly can suppress angiogenesis in cells and mice. LicA inhibited proliferation (20 μM), migration (5--20 μM), and tube formation (10--20 μM) of HUVECs and microvessel growth (10--20 μM) \[[@CR87]\]. These effects corresponded with downregulation of VEGF receptor-2 activation, suggesting antiangiogenesis effects in LicA-treated mice \[[@CR87]\].

### Antioxidant Effects {#Sec8}

The anticancer effects of LicA have been at least partially attributed to its ability to act as an antioxidant. C57BL/6 mice with AOM/DSS-induced colon carcinogenesis were treated with LicA (5, 15, and 30 mg/kg body weight) \[[@CR93]\]. Reduced colon tumor formation, decreased expression of PCNA (proliferating cell nuclear antigen), β-catenin, COX-2, and iNOS, and concomitant suppression of colon proinflammatory cytokines and chemokines were observed \[[@CR93]\]. LicA-treated animals survived longer and LicA also inhibited liver metastasis induced by intrasplenic injection of BALB/c mice with CT-26 cells \[[@CR93]\].

Results of one study suggested that administration of LicA might be beneficial in counteracting the side effects of cisplatin therapy in cancer patients. This idea was based on the finding that oral administration of LicA alone significantly suppressed the growth of solid tumors in CT-26 cell-inoculated Balb/c mice, without any obvious toxicity \[[@CR94]\]. When combined with cisplatin, LicA inhibited cisplatin-induced kidney and liver damage \[[@CR94]\]. The repeated oral administration of LicA prior to cisplatin treatment prevented cisplatin-mediated increases in serum NO and the tissue lipid peroxidation levels, and restored the depleted reduced glutathione levels in tissues \[[@CR94]\]. LicA suppressed both the generation of NO and prostaglandin PGE~2~ and also attenuated the expression of iNOS and COX-2 induced by lipopolysaccharide (LPS) in RAW264.7 cells \[[@CR95]\]. LicA inhibited the LPS-induced production of inflammatory cytokines IL-1 and IL-6 in RAW264.7 cells and was able to protect BALB/c mice from LPS-induced endotoxin shock \[[@CR95]\]. In another report, LicA (IC~50~ 15 nM) inhibited COX-2-mediated PGE~2~ production, but did not affect COX-1-mediated PGE~2~ production or IL-1 eta-induced production of IL-6 or −8 \[[@CR96]\]. However, LicA (1 μM) had no effect on *COX-2* mRNA or protein expression \[[@CR96]\]. LicA inhibited human bladder cancer T24 proliferation in a concentration-dependent manner (IC~50~ ∼ 55 μM) \[[@CR97]\]. Evidence suggested that LicA inhibited proliferation by increasing the levels of intracellular ROS because the affects could be attenuated by treatment with the glutathione precursor and antioxidant, *N*-acetyl-cysteine (NAC) \[[@CR97]\]. These results agree with a previous report in which LicA inhibited proliferation, increased levels of ROS, and induced apoptosis in T24 cells \[[@CR98]\]. This compound also induced mitochondrial dysfunction, caspase-3 activation, and PARP cleavage and caused endoplasmic reticulum (ER) stress-dependent apoptosis \[[@CR98]\].

Several studies indicate that LicA can suppress NF-κB transactivation. NF-κB is a rapidly induced stress-responsive transcription factor that functions to intensify the transcription of a variety of genes including cytokines, growth factors and acute response proteins \[[@CR99]\] and its activation is also linked to the mitogen-activation protein kinase (MAPK) signaling pathways \[[@CR100]\]. In its inactive form, NF-κB is found in the cytosol bound to an inhibitory protein called inhibitory kappa B (I-κB). When stimulated, I-κB is phosphorylated by an I-κB kinase, released from NF-κB, and subsequently degraded. Following separation from I-κB, NF-κB is translocated into the nucleus where it activates gene transcription by binding to its specific DNA sequence found in certain genes. Importantly, NF-B activation is associated with initiation or acceleration of carcinogenesis \[[@CR101]\], and in JB6 Cl41 mouse epidermal skin cells, inhibition of NF-κB also blocked tumor promoter-induced cell transformation \[[@CR102]\]. NF-κB comprises five family members \[[@CR103]\] including the three NF-κB/Rel proteins, RelA (p65), RelB, and c-Rel, which share structural homology with the retroviral oncoprotein v-Rel \[[@CR104]\].

LicA was reported to inhibit LPS-induced NF-κB transcriptional activation but had no effect on either the phosphorylation and degradation of IκB or nuclear translocation and DNA binding activity of NF-κB p65 \[[@CR105]\]. However, LicA suppressed the phosphorylation of p65 (Ser276), which attenuated NF-κB transactivation by preventing the interaction of p65 with p300, a transcriptional co-activating protein \[[@CR105]\]. This group further observed that LicB and LicD inhibited LPS-induced phosphorylation of p65 (Ser276) and transcriptional activation of NF-κB \[[@CR106]\]. Each of the three licorice components attenuated the LPS-induced activation of protein kinase A \[[@CR106]\], which is required for p65 (Ser276) phosphorylation. This effect was associated with decreased production of NO, TNFα and MCP-1 (monocyte chemoattractant protein-1) \[[@CR106]\], a key chemokine that regulates migration and infiltration of monocytes or macrophages.

Others showed that LicA could attenuate TNFα-induced nuclear localization, DNA binding activity, and the transcriptional activity of NF-κB but had no effect on TNFα recruitment of receptor-interacting protein 1 or I-κB kinase β to the TNF receptor I \[[@CR107]\]. However, LicA inhibited TNFα-induced I-κB kinase β complex (IKK) activation apparently by interacting with Cys179 of I-κB kinase I-κB kinase β. This group also reported that LicA attenuated TNFα-induced expression of inflammatory cytokines CCL2/monocyte chemotactic protein-1 and CXCL1/KC \[[@CR107]\].

LicA also was reported to inhibit the migration and invasion capabilities of SCC-25 oral cancer cells by suppressing the activity and protein level of MMP-2 and increasing the level of tissue inhibitor of metallopeptidases (TIMP)-2 \[[@CR108]\]. Decreased expression of phosphorylated p65 (a component of NF-κB) and N-cadherin (mesenchymal marker) and increased E-cadherin (epithelial marker) were also observed in LicA-treated SCC-25 cells \[[@CR108]\]. LicA also attenuated the migratory and invasion ability of SK-Hep-1 and HA22T/VGH hepatic cancer cells \[[@CR109]\]. This effect corresponded with an inhibition of the activity and expression of the serine protease, urokinase plasminogen activator (uPA), and decreased phosphorylation of JNKs and MKK4 in SK-Hep-1 cells \[[@CR109]\]. Additionally, LicA suppressed the expression of NF-κB and its binding to the *uPA* promoter \[[@CR109]\]. Others reported that LicA effectively inhibited migration and invasion of A549 and H460 lung cancer cells \[[@CR110]\]. The compound also significantly inhibited the protein and gene expression of MMP-1 and MMP-3 in A549 cells. Treatment of A549 cells with LicA suppressed phosphorylation of Akt, an effect, along with inhibition of migration and invasion, that was reversed by treatment with LY294002 (PI3-K inhibitor) or transfection with constitutive active-Akt i \[[@CR110]\].

### Other Mechanisms {#Sec9}

JNKs play an important role in many physiological processes induced by numerous stress signals. Each JNK protein appears to have a distinct function in cancer, diabetes, or Parkinson's disease. We hypothesized that JNKs might be potential target proteins of LicA. Using a pull-down assay with licochalcone A conjugated with CNBr-Sepharose 4B beads, we found that LicA could directly bind with either JNK1 or JNK2, but not with p38 or ERKs, in murine embryonic fibroblasts (MEFs) \[[@CR111]••\]. However, results of an in vitro kinase assay indicated that LicA mainly inhibited JNK1 activity (∼55 %) with only a small effect (7 %) on JNK2 kinase activity, which suggested that LicA might be a selective inhibitor of JNK1 \[[@CR111]••\]. We previously reported AV-7 as a selective JNK1 inhibitor designed to interrupt the protein-protein interaction between JNK1 and its binding partner, JNK-interacting protein (JIP) \[[@CR112]\]. Thus, we hypothesized that LicA might bind at the JNK1-JIP site rather than the ATP pocket to selectively inhibit JNK1 kinase activity. We found that LicA disrupted the interaction between JNK1 and JIP1, but could only slightly affect the interaction between JNK2 and JIP1 \[[@CR111]••\]. To understand why the interaction was so different between LicA and the two very similar JNK proteins, we developed computational docking models. The results indicated that LicA binds at the JIP1 binding pocket of either JNK1 or JNK2 \[[@CR111]••\]. However, a molecular dynamics simulation suggested that LicA more dramatically distorted the ATP binding pocket of JNK1 compared to JNK2, which resulted in a greater reduction in the affinity of JNK1 for ATP binding compared to the affinity of JNK2 for ATP \[[@CR111]••\]. Exposure to ultraviolet B irradiation is known to stimulate JNKs activation. Additional experiments indicated that LicA markedly suppressed UVB-induced c-Jun phosphorylation and total c-Jun protein levels in a dose-dependent manner in JNK2^−/−^ MEFs, which only express JNK1 \[[@CR111]••\]. Both UVB-induced c-Jun phosphorylation and total c-Jun protein expression were partially suppressed by LicA treatment in JNK^wt^ MEFs, which express both JNK1 and JNK2 \[[@CR111]••\]. However, neither UV-induced c-Jun phosphorylation nor total c-Jun protein level was affected by LicA in JNK1^−/−^ MEFs, which only express JNK2. We treated JNK^wt^, JNK1^−/−^, and JNK2^−/−^ mice with UVB with or without topical application of LicA and harvested dorsal skin samples 24 h later. LicA effectively inhibited c-Jun (Ser73) phosphorylation and decreased total c-Jun level most effectively in JNK2^−/−^ mouse skin, which only expresses JNK1. We also found that LicA significantly inhibited AP-1 transcriptional activity and induced p53 and p21 expression and induced G1 cell cycle phase arrest and apoptosis in HCT116 colon cancer cells. Importantly, LicA reduced HCT116 colon cancer xenograft growth in vivo. The reduction corresponded with marked decreases in the expression of Ki-67, a cell proliferation marker, and phosphorylation of c-Jun in licochalcone A-treated tumors compared to controls \[[@CR111]••\].

### Licochalcone E {#Sec10}

Besides LicA, LicE is another licochalcone isolated from licorice that appears to affect cell cycle and induce apoptosis. LicE suppressed ECV304 bladder epithelial-like cell growth and induced apoptosis \[[@CR113]\]. Similarly to LicA, LicE inhibited activation of NF-κB and was associated with a change in the Bax/Bcl-2 ratio that favored apoptosis \[[@CR113]\]. BALB/c mice were injected with 4T1 mammary carcinoma cells into the mammary fat pads and then 7 days later, were administered LicE (7 or 14 mg/kg BW/day) orally for 25 days \[[@CR114]\]. Mice treated with LicE exhibited reduced solid tumor growth and lung metastasis with no apparent toxicity. Tumors isolated from mice treated with LicE exhibited reduced expression of Ki67 and various cyclins and cyclin-dependent kinases and increased expression of Bax and cleaved caspase-3 but decreased Bcl-2 expression, suggesting an induction of apoptosis \[[@CR114]\]. LicE also had inhibitory effects on a number of factors important in tumor angiogenesis (e.g., VEGF-A and C and VEGF receptor-2) and effectively decreased cell migration and invasion in cell culture studies \[[@CR114]\].

Similar to other licorice compounds, LicE exerts antioxidant effects. For example, topical application of LicE (0.5--2 mg) effectively inhibited TPA-induced ear edema formation in mice. This was associated with decreased phosphorylation of JNKs, c-Jun, and ERKs \[[@CR115]\]. LicE treatment reduced expression of iNOS and COX-2 proteins in mouse skin. In RAW 64.7 cells treated with LPS, LicE (2.5--7.5 μM) treatment decreased release of NO and PE~2~, lowered expression of IL-6, IL-1, and TNFα and decreased activation of Akt, p38, JNKs, and c-Jun \[[@CR116]\]. These effects coincided with decreased *iNOS* and *COX-2* promoter activity and reductions in their gene and protein expression levels. Notably, similar to other licochalcones, LicE treatment reduced degradation of IκαBα, translocation of p65 to the nucleus and transcriptional activity of NF-κB as well as attenuated the transcriptional activity of activator protein (AP)-1 \[[@CR116]\]. Furthermore, in RAW264.7 macrophage cells, LicE also inhibited LPS-stimulated production of IL-12p40, a common subunit of IL-12 and IL-23. The inhibition appeared to be associated with decreased binding of NF-κB to the promoter region of IL-12 \[[@CR117]\]. LicE was also reported to be a potential activator of the transcription factor nuclear factor-E2-related factor-2 (Nrf2)/ antioxidant response element (ARE)-dependent pathway \[[@CR115]\].

Conclusions {#Sec11}
===========

Several lines of evidence suggest that many cancers are preventable and a great deal of interest has focused on diet and food supplements as prevention strategies. However, one of the greatest challenges is to decipher the distortion and half-truths reported in the popular media regarding the health benefits of certain foods or food supplements. The use of these substances is not new, but interest has increased dramatically because of perceived health benefits presumably acquired without unpleasant side effects. However, the effects of long-term consumption of food supplements and specific dietary factors have not been extensively studied. Licorice and its extracts have been used in traditional and herbal medicines for thousands of years. However, some components of licorice exert unwanted side effects and therefore identifying safer licorice components is desirable. Literature has suggested that the anticancer activities of many of the licorice components appear to include cell cycle arrest, apoptosis induction, and general antioxidant effects involving a variety of proteins at least indirectly, including many cell cycle-related proteins, apoptosis-associated proteins, MMP proteins, COX-2, GSK-β, Akt, NF-κB, and MAP kinases. New computational and screening technologies have led to the identification of direct licorice binding partners, including PI3-K, MKK4, MKK7, JNK1, mTOR, and Cdk2, resulting in decreased carcinogenesis in several cell and mouse models with no obvious toxicity. These are the types of studies that are needed in order to move the field of the health benefits of natural compound science forward.
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